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A B S T R A C T
The arcuate fasciculus (AF) has been implicated in the pathology behind schizophrenia and auditory verbal
hallucinations (AVHs). White matter tracts forming the arcuate fasciculus can be quantified and visualized using
diffusion tensor imaging (DTI) tractography. Although there have been a number of studies on this topic, the
results have been conflicting. Studying the underlying white matter structure of the AF could shed light on the
constrains for interaction between temporal and frontal language areas in AVHs. The participants were 66 pa-
tients with a schizophrenia diagnosis, where AVHs were defined from the Positive and Negative Syndrome Scale
(PANSS), and compared with a healthy control group. DTI was performed on a 3T MR scanner, and tensor
estimation was done using deterministic streamline tractography. Statistical analysis of the data showed sig-
nificantly longer reconstructed tracks along the AF in patients with severe and frequent AVHs, as well as an
overall significant asymmetry with longer tracks in the left compared to the right side. In addition, there were
significant positive correlations between PANSS scores and track length, track volume, and number of track
streamlines for the posterior AF segment on the left side. It is concluded that the present DTI results may have
implications for interpretations of functional imaging results.
1. Introduction
One of the most salient symptom in schizophrenia and psychosis
spectrum disorders is auditory verbal hallucinations (AVHs)
(Ford et al., 2014; Parnas, 2013; Sartorius et al., 1986). AVHs are ty-
pically defined as the experience of hearing a "voice" in the absence of a
corresponding external auditory source to explain the experience
(Aleman and Larøi, 2008; Hugdahl, 2017; Pienkos et al., 2019;
Waters et al., 2006 for a conceptual review). Looking for neuronal
correlates of AVHs, several meta-analyses have implicated the language
regions in the temporal and frontal lobes, particularly in the left
hemisphere (Ćurčić-Blake et al., 2017; Jardri et al., 2011; Kompus et al.,
2011; Kühn and Gallinat, 2012; Sommer et al., 2012). Functional
connectivity studies, using various statistical approaches such as seed-
voxel correlations and independent component analysis (ICA), have
added to earlier imaging studies by showing altered connectivity be-
tween auditory and language regions (see Alderson-Day et al., 2015 for
a review). The existing literature is however inconclusive when it
comes to the direction of the alterations in AVH patients, with some
studies showing an increase in specific and global connectivity (e.g.
Chang et al., 2017; Diederen et al., 2013; van Lutterveld et al., 2014;
Zhuo et al., 2020), while other studies have shown a decrease in con-
nectivity (Clos et al., 2014; Sommer et al., 2012). Whether AVH causes
increased or decreased functional grey matter connectivity is therefore
an unresolved issue (see Alderson-Day et al., 2015; Scheinost et al.,
2019).
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Functional magnetic resonance imaging (fMRI) connectivity is
based on the statistical covariation of the blood-oxygenation-level-de-
pendent (BOLD) signal between nodes or areas (disregarding the special
case of effective connectivity) without any reference to the underlying
neuroanatomy, or whether an increase or decrease in functional con-
nectivity has a correspondence in structural, white matter, connectivity.
Hugdahl (2017) labelled this lack of "convergence of evidence", by
which was meant that for a finding at one level of explanation to be
valid, there should be converging evidence obtained from a lower, or
different, level of explanation (see also Hugdahl and Sommer, 2018). A
converging approach would therefore be to look for white matter
connectivity between brain anatomical regions implicated in functional
connectivity studies. Two brain regions that are often implicated in
functional neuroimaging studies of AVHs are the superior temporal
gyrus, including the transverse, Heschl's, gyrus and the planum tem-
porale on the one hand, and the inferior frontal, triangular, gyrus, on
the other hand (Jardri et al., 2011; Kompus et al., 2011; Sommer et al.,
2010). Functionally, these regions constitute the classic Wernicke and
Broca regions for language perception and production, respectively,
and these regions have over the years been associated with AVHs
(Alderson-Day et al., 2015; Ćurčić-Blake et al., 2017; Hubl et al., 2007;
Looijestijn et al., 2013; Woodruff et al., 1997 for reviews). The arcuate
fasciculus (AF) (see Fig. 1) is a massive fiber bundle which runs long-
itudinally along the lateral anterior-posterior axis, connecting the
Wernicke, speech perception area in the superior temporal gyrus with
the Broca speech production area in the inferior frontal gyrus on the left
side, with a corresponding extension on the lateral side of the right side.
The AF consists of both short and long tracts, the short tracts connecting
areas within a region, while the long tracts connect between regions
(Catani et al., 2011; Catani and Thiebaut de Schotten, 2008).
The AF is suggested to be important for language processing, con-
necting temporal auditory areas with inferior frontal/precentral and
inferior parietal regions. Using diffusion tensor imaging (DTI),
Fernández-Miranda et al. (2015) found a clear asymmetry across the
hemispheres for the AF with the left AF fiber track volume significantly
larger than the homologous right volume (see also Ocklenburg et al.,
2013 for similar findings).
The AF has also been implicated in the pathology behind schizo-
phrenia and AVHs, most commonly by findings of disruptions of white
matter integrity. In a meta-analysis, Geoffroy et al. (2014) found re-
duced fractional anisotropy (FA) values, quantified from diffusion
tensor imaging (DTI) data, in schizophrenia patients with frequent
AVHs, reflecting abnormality of white matter organization along the AF
extension. Although only five studies were included in the meta-ana-
lysis, the results nevertheless pointed to the importance of relating
findings of functional connectivity between temporal and frontal lan-
guage areas to the underlying white matter structure. Previous studies
have also found an increase in white matter volume in the regions
connected by the AF (Mitelman et al., 2007), and that greater overall
white matter volume predict higher positive symptom scores, including
hallucination scores (Cahn et al., 2006).
In the present study we sought to expand previous findings of al-
tered structural connectivity in patients with severe and frequent AVHs
(Alderson-Day et al., 2015; Scheinost et al., 2019 for overviews), by
acquiring data from diffusion tractography to converge evidence from
functional to structural levels of explanation (cf. Hugdahl and
Sommer, 2018). We used the sub-division of AF tracts and the no-
menclature from Catani et al. (2011), and divided the AF into its
anterior, long and posterior segments (see Fig. 1 for illustration), and
analyzed each segment for number of fibre tracks (TrackN), track
length (TrackL), and track volume (TrackV) resulting from the diffusion
fibre tracking. We compared these AF measures in the right and left
hemisphere, as well as for schizophrenia patients with and without
auditory hallucinations (as defined operationally from the Positive and
Negative Syndrome Scale, (PANSS), interview questionnaire, Kay et al.,
1987). We hypothesized that if an increase or decrease in AF tract
connectivity, either increasing or decreasing length, volume or number
of tracks. Second, we hypothesized that any effects would be more
pronounced on the left side, considering previous studies of language
asymmetry being constrained to the left hemisphere. The tractography




The subjects were 66 patients with a diagnosis of schizophrenia
spectrum disorder (SZ), according to the DSM-IV (American Psychiatric
Association, 2000) diagnostic manual system and converted to the the
ICD-10 (World Health Organization, 2016) system, 40 males and 26
females, with average age for the whole group 27.02 years (SD 9.18),
and mean duration of illness of 4.32 (SD 5.01) years. For simplicity we
will refer to this as "schizophrenia" patients. The patients were pre-
scribed second-generation antipsychotics (olanzapine, clozapine, ar-
ipiprazole, quetiapine, paliperidone, or amisulpride). Sometimes pa-
tients were shifted from the start-up drug to another drug in the course
of treatment for clinical reasons. Mean Definition of Daily Doses (DDD)
was 1.062, SD 0.898, DDD values were missing from 17 patients. The
patients were compared with a healthy control (HC) group consisting of
76 subjects, 47 males and 29 females, with an average age of 28.69 (SD
7.44) years (for some of the analyses the control group was reduced to
68 and the patient group to 63 subjects due to missing data). There
were 54 right-handers in the SZ group, and 67 right-handers in the HC
group. The SZ group was further divided into sub-groups depending on
severity and frequency of auditory hallucinations as defined from the
"hallucinatory behavior" item (P3) from the PANSS (Kay et al., 1987).
Using the criterion of a score equal to or larger than "4" on the P3 item
split the SZ group into a AVH+ sub-group (n = 30, 15 males, 15 fe-
males), and AVH- (n = 36, 25 males, 11 females). The study was
conducted according to the Code of Ethics of the World Medical Asso-
coation (Declaration of Helsinki). The patient data were pooled from
two studies, each approved by the Regional Committee for Medical
Research Ethics in Western Norway (REK Vest), #2010/334 and
#2016/800, respectively, and by the Norwegian Social Science Data
Service (NSD) #15733/PB.
Fig. 1. The three segments of the arcuate fasciculus (AF): Anterior (green), long
(red), and posterior (yellow). Adapted after Catani et al. (2011).
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2.2. Diffusion weighted MR imaging
Diffusion weighted imaging was performed on a 3T GE Signa HDx
MR system with the following scanning parameters; TE = 89 ms, flip
angle = 90°, TR = 14000 ms, FoV = 220 mm, matrix = 128×128,
Slice thickness, 2.4 mm, with total scan time 8.38 min. Diffusion sen-
sitizing gradients were applied in 30 directions, with a weighing factor
of b = 1000 s/mm2, with 6 b0 images as reference, and a reconstructed
voxel size of 1.72×1.72×2.24 mm. There was a scanner upgrade in
about the middle of the project period, upgrading from the GE Signa
HDx to the GE Discovery 750 system.
2.3. Tensor estimation and tractography
Data quality assessment, preprocessing, tensor estimation and
tractography were done using the ExploreDTI v. 4.8.4 software
(Leemans et al., 2009). First, diffusion weighted images were corrected
for movement (including b-matrix rotation) and visually inspected for
artefacts. Following voxel-wise tensor estimation, whole brain de-
terministic streamline tractography (tracking threshold FA = 0.2, angle
threshold = 30◦) was conducted. Then, for each individual and
hemisphere, the anterior, long, and posterior segments of the AF were
segmented according to landmarks described by Catani et al. (2011).
Manually placed “way masks” were drawn in the coronal and axial
plane, with ‘exclusion-masks’ eliminating fiber tracks from the long
segment in the anterior and posterior segment. Tractography was done
in native space. Mean track volume (TrackV), track number (TrackN),
and track length (TrackL) were extracted as macrostructural measures.
2.4. Statistical analyses
A first analysis was set up as a multifactorial general linear mixed
model (GLM) analysis of variance (ANOVA), separately for the TrackL,
TrackN, and TrackV measures, with Segments (anterior, long, and
posterior) and Hemisphere (left/right) as within-subject factors, and
Group (AVH+, AVH-, HC) as between-subjects factor, and with Age
and Sex as covariates. Significant main and interaction F-values were
Geisser-Greenhouse epsilon-corrected when appropriate for inflated
degrees of freedom. Fisher's LSD test was used for follow-up tests of
significant main- and interaction-effects, with an alpha level set to p
<.05. A similar analysis of variance was performed for functional an-
isotropy (FA) data, based on a 3 (Groups) x 2 (Hemispheres) x 3
(Segments) factorial design. A second set of analyses was to correlate
values for TrackN, TrackL, and TrackV, and FA values with scores for
the hallucinations item (P3), which would then provide a quantification
of the association between AF white matter structure integrity and se-
verity and frequency of AVH. Spearman's rank correlations were ap-
plied because of the restricted range of the P3 values from 1 to 7, in
practice from 1-6 since patients are seldom scored by clinicians as ex-
treme hallucinators as a score of "7" would require.
3. Results
3.1. Track length (TrackL)
Fig. 2 illustrates the long fiber tracks in three representative sub-
jects, one from each group of AVH-, AVH+ and HC.
The ANOVA showed a significant main-effect of Segment, F(2,250,
G-G corrected df: 1.494, 186.80) = 145.029, p < .0001, partial
eta2 = .537, and of the interaction of Segment x Group, F(4, 250, G-G
corrected df: 2.989, 186.83) = 3.020, p = .018, partial eta2 = .046. In
addition, the Group effect was marginally significant, F
(2,125) = 2.999, p = .053, partial eta2 = .045. The interaction-effect
was followed-up with the LSD-test, comparing the three groups for each
segment separately. For left hemisphere comparisons, this showed sig-
nificant differences between the HC group and the AVH+ group
(p = .058) for the long segment, and a corresponding trend for the
difference between the AVH+ and AVH- groups (p = .085). For the
right hemisphere, the corresponding comparisons for the right hemi-
sphere were p = .005 for the comparison HC versus AVH- group, and
p = .0003 for the comparison HC versus AVH+, while the comparison
of AVH- versus AVH+ was not significant, p = .362 (see Fig. 3). There
was in addition a significant track length asymmetry for the HC group
with longer tracks on the left side, p = .0001, and a trend for a similar
asymmetry for the AVH+ group (p = .074 (see Fig. 3).
3.2. Number of tracks (TrackN)
There were no significant main- or interaction-effects involving
Groups for number of tracks.
3.3. Track volume (TrackV)
There were no significant main- or interaction-effects involving
Groups for track volume.
3.4. Functional Anisotropy (FA)
There were no significant main- or interaction-effects involving
groups for the fractional anisotropy measure.
3.5. Means and standard errors
Means and SE are given in Table 1, split for the various measures
(TrackL, TrackV, TrackN, Fractional anisotropy, FA), Segments and
Groups.
3.6. Correlations
Spearman correlation coefficients for the correlations between the
various tracks and segments on the one hand, and PANSS P3 score on
the other hand, are seen in Table 2.
The correlations were focused on significant relationships between
severity and frequency of AVH (as measured from the PANSS P3 score)
and track segments (as measured from the procedure described in the
Methods section). As seen in Table 2, there were significant positive
correlations (* = p < .05) for all three measures of the posterior seg-
ment in the left hemisphere. Fig. 4 shows the corresponding scatter-
plots, separately for the left and right hemisphere.
4. Discussion
The results showed significant effects for the long segments of the
arcuate fasciculus (AF) fiber bundle, where patients with severe and
frequent hallucinations were characterized by longer reconstructed
fiber tracks (TrackL) than healthy controls, and marginally so also when
compared to non-hallucinating patients. Interestingly, this was most
profound for the left hemisphere AF bundle, connecting the receptive
(Wernicke) and productive (Broca) language areas, respectively. The
parameter TrackL refers to the average distance the tractography al-
gorithm managed to reconstruct before the tracking abortion threshold
(FA criteria or angle) is met. Thus, longer as compared to shorter tracks
indicate easier to reconstruct tract bundles, possibly due to less dete-
rioration by crossing fiber bundles. In the present case, this may suggest
that the hallucinating group has increased connectivity between audi-
tory areas in the temporal lobe and frontal and parietal areas associated
with language (Fernández-Miranda et al., 2015). Previous studies have
indeed found an increase in white matter volume in the regions con-
nected by the AF bundle (see e.g. Mitelman et al., 2007), and that
greater overall white matter volume predicted higher positive symptom
score five years later (Cahn et al., 2006). A second finding in the present
study was the significant positive correlations between PANSS P3 scores
L.E. Falkenberg, et al. Psychiatry Research: Neuroimaging 302 (2020) 111088
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and left hemisphere AF measures in the posterior segment, largely
covering the peri-Sylvian region, including parts of auditory and speech
perception cortex. It should be noted that the correlations were found
only in the left hemisphere, which is also the language dominant
hemisphere (Sperry, 1974; Tervaniemi and Hugdahl, 2003; Van der
Haegen et al., 2013).
The present results of differences in left hemisphere tract length
between hallucinating and non-hallucinating schizophrenia patients,
and the positive correlation between severity of hallucinations and both
track length, track volume and number of fiber tracks may have im-
plications for the trait/state distinction. Since the PANSS scores were
taken within a week before the MR scanning the present results pertain
more to trait than to state effects, even in the absence of life-time
measures of hallucinations. It is therefore conceivable that the results
reflect long-term differences in brain white matter anatomy, which are
not affected by antipsychotic medication, at least not in the age range
covered in the study.
From the present findings it is not possible to disentangle whether it
is the larger AF that allows for AVHs to be experienced, or if these
segments increase in size due to the presence of AVH. It could indicate
that in these individuals, the information flow between language areas
could have multiple destinations and origins not found in HC, so that
e.g. more tracts reach frontal and parietal areas from the auditory areas,
thus leading to a perception of a voice that is not there.
The present DTI tractography results can be seen as extending
previous functional studies showing increased BOLD connectivity in
hallucinating patients between temporal and frontal language areas
(e.g. Chang et al., 2017; Diederen et al., 2013; van Lutterveld et al.,
2014). The reason for this suggestion is that an increase in length of the
long segment AF fibers could facilitate neuronal connectivity between
the areas being connected by the AF in the temporal and frontal lobes,
which in turn could contribute to a kind of functional hyper-activity in
these regions during hallucinatory episodes (Jardri et al., 2011;
Kompus et al., 2011). This suggestion hinges however on an inter-
pretation of increased tract length as facilitation information transfer
and efficiency, which is contrary to findings and interpretation by
van den Heuvel et al. (2010) who have argued for a negative relation
between tract length and transfer efficiency. We leave the option for
interpretation of the current findings in either direction, and do not
take a firm stand on this issue, awaiting further research. It has pre-
viously been shown that functional hyper-activity in the language areas
in the temporal lobe in hallucinating patients (Ćurčić-Blake et al., 2017;
Hugdahl et al., 2015) goes together with reduction in grey matter vo-
lume (Modinos et al., 2013; Neckelmann et al., 2006), and that patients
with schizophrenia in general have reduced grey matter volume in both
temporal and frontal regions (Williams, 2008 for a meta-analysis). The
Fig. 2. Representative segments of the left
arcuate fasciculus from A) a healthy control, B)
a schizophrenia patient without auditory
verbal hallucinations (AVHs) (PANSS P3 = 1),
and C) a schizophrenia patient with frequent
AVHs (PANSS P3=5). Note: Radiological con-
vention applied. AVHs, auditory verbal hallu-
cinations; PANSS, positive and negative syn-
drome scale; P3, positive item number 3 –
hallucinatory behavior. Color coding: Red:
Long segment, Green: Anterior segment,
Purple: Posterior segment
Fig. 3. Means and SE for the three groups HC (healthy controls), AVH- (without hallucinations), AVH+ (with hallucinations) group for Track Length of the long
segment data.
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present study extends these previous findings for grey matter abnorm-
ality in hallucination-prone individuals, by showing that also white
matter structures are affected by hallucinations.
It is interesting to note that there were no significant group-effects
for the FA measure in the present study as seen in Table 1 (cf.
Chawla et al., 2019). This was somewhat surprising since FA values is
the more common measure of white matter integrity when using DTI
(see Catani et al., 2011; Di Biase et al., 2020; Mori, 2007;
Psomiades et al., 2016; Xie et al., 2019 for examples). It should be noted
however that even if most studies have found alterations in FA values in
hallucinating patients, the direction of the change has been divergent
across studies. For example, while Catani et al. (2011) and Di Biase
et al. (2020) found reduced FA values in the arcuate fasciculus,
Psomiades et al. (2016) and Rotarska-Jagiela et al. (2009) found in-
creased values in the same tract. The current findings of no significant
difference, neither reduction, nor increase, therefore adds to an
unsolved issue in schizophrenia and hallucinations results. It could
perhaps also be mentioned in this context that Di Biase et al. (2020)
included a non-clinical hallucination group, where they did not find any
change in FA values compared to control groups. The absence of sig-
nificant findings for FA values in the present study could reflect that the
critical parameters are tract length and composition rather than the
degree of myelination of the fibers. FA is also subject to fluctuations
across time, while track parameters, like length, volume and number of
tracts, more reflect structural invariants that may better match trait
differences in hallucinations as seen in the present study.
In conclusion, we have shown that white matter tracts of the arcuate
fasciculus bundle, which connects temporal and frontal language areas
in the brain, are affected in patients with severe and frequent halluci-
nations. Interestingly, increased track connectivity was observed not
only for the long fibers connecting the Wernicke and Broca language
areas in the superior temporal and inferior frontal gyri, respectively,
but was also observed for the posterior segment fibers, primarily con-
necting the neurons within the auditory and speech perception areas in
the peri-Sylvian region in the left hemisphere. The asymmetry for the
long segment fiber tracks should also be noted, there was clearly (see
Fig. 3) overall longer fiber tracks in the left compared with the right
hemisphere, which was seen for both the healthy controls (HC) and
with a trend for significance in the frequent hallucinating group (AVH
+). Asymmetry of the AF have been observed previously, both in
children and adults (Ocklenburg et al., 2013; Sreedharan et al., 2015;
Takao et al., 2011), with left hemisphere tracts dominating over right
hemisphere tracts. This could be an anatomical correspondence to
functional dominance of the left hemisphere for language
(Hellige, 1993; van den Noort et al., 2008). We extend these findings by
showing that such an asymmetry also seems to be present in patients
with frequent and severe auditory hallucinations, while the asymmetry
is absent in schizophrenia patients without hallucinations. This may
point to a specific relation between language and the experience of
"hearing voices" in a hallucinatory episode, not seen otherwise in
schizophrenia patients.
Several limitations should however be noted with the present re-
sults. First of all, the sample size was not exceedingly large when
splitting the patient group into AVH- and AVH+ sub-groups, which
should be kept in mind, as should the fact that we did not have com-
plete data om medication, other than that all patients were on anti-
psychotic medication. Second, it could be argued that the hallucinatory
behavior item of the PANSS interview scale is not unique for auditory
verbal hallucinations. Although this is an often claimed argument we do
not think it has invalidated our results since there is a clear focus on
auditory verbal hallucinations in how the questions and conversations
are set up for the PANSS P3 item, and auditory verbal hallucinations is
the most frequent mode of hallucinations in schizophrenia. Moreover,
even if we cannot completely exclude that some patients experienced
hallucinations in other sensory modalities, the auditory modality typi-
cally would dominate even in such cases, and especially the more in-
tense and severe the experience is. Larøi et al. (2019) found that that
negative emotional content was the best predictor of experiencing au-
ditory hallucinations. Similarly,
McCarthy-Jones et al. (2017) reported that up to 80% in their
sample of 911 patients with schizophrenia experienced auditory hal-
lucinations, followed by the visual and tactile modalities, such that the
auditory modality dominated even in cases with overlap across mod-
alities. What is a limitation though, is the lack of data pertaining to life-
time experiences of hallucinations, but such data were not available. A
third limitation to be mentioned is that brain size could have an effect
on the track length parameter, with longer tracks being positively re-
lated to larger brains. This is however not a likely explanation for the
findings since the age and sex did not differ between groups, such that
there is no obvious reason to assume that this could otherwise have
caused the difference for the AVH+ group. If anything, one would have
expected the opposite result if brain size would have had an effect, since
Table 1
Means and standard errors (SE) for the different measures, split for segments
(anterior, long, posterior), and groups.
Cntrl AVH- AVH+
Anterior TrackN Mean 436.23 473.72 444.62
SE 20.82 30.18 38.99
TrackL Mean 65.61 65.8 65.84
SE 0.49 0.67 0.82
TrackV Mean 12498.26 13247.95 12513.66
SE 431 586.51 855.56
FA Mean 0.43 0.43 0.43
SE 0.002 0.004 0.005
Long TrackN Mean 295.97 330.99 345.54
SE 19.09 32.1 33.92
TrackL Mean 95.84 98.79 101.35
SE 1.34 1.67 1.62
TrackV Mean 8593.83 9644.34 9897.78
SE 358.92 672.98 631.85
FA Mean 0.46 0.46 0.47
SE 0.003 0.004 0.005
Posterior TrackN Mean 344.48 344.57 383.3
SE 16.03 25.04 25.17
TrackL Mean 60.33 60.24 61.17
SE 0.34 0.51 0.62
TrackV Mean 10672.45 10702.85 11623.68
SE 341.1 532.31 541.59
FA Mean 0.43 0.43 0.43
SE 0.002 0.003 0.004
Legend
TrackN = Track Numbers Cntrl = Control group
TrackL = Track Length AVH- = Non-Hallucinating group
TrackV = Track Volume AVH+ = Hallucinating group
FA = Fractional Anisotropy
Table 2
Spearman correlation coefficients for correlations between PANSS P3 scores
and number of tracks (TrackN), track length (TrackL), track volume (TrackV)
and Fractional anisotropy (FA), separately for the left and right hemisphere.
PANSS P3













* = p <.05
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it has been repeatedly shown that hallucinating patients have smaller
grey matter volumes than non-hallucinating patients (Modinos et al.,
2013; Neckelmann et al., 2006; Williams, 2008).
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